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Abstract 

In the present work we study a dark energy model in which a 
non-hnear scalar field (tachyon) with a Born-Infeld type of action is 
responsible for the observed cosmic acceleration. The potential of 
the tachyon is well-motivated since it comes from open string theory 
and the model is subjected to various cosmological constraints with 
data coming from supernovae as well as from microwave background 
radiation. Our analysis shows that in the particular model under 
study the tachyon can be an excellent candidate for dark energy in 
the universe, as the model agrees with a series of observational data 
and for a wide range of the parameters of the model. 



1 Introduction 



Perhaps the most dramatic discovery in modern cosmology is the observa- 
tional fact that the present universe undergoes an accelerating phase. During 
the last ten years or so a remarkable progress in technology has allowed us 
to witness extraordinary precision measurements in cosmology. A plethora 
of observational data are now available, which show that we live in a flat 
universe that expands with an accelerating rate and that the dominant com- 
ponent in the energy budget of the universe is an unusual material, the 
nature of which still remains unknown. Identifying the origin and nature of 
dark energy is one of the great challenges in modern theoretical cosmology. 
The simplest candidate for dark energy is the cosmological constant, which 
corresponds to a perfect fluid with parameter w = pj p = —1. However, 
over the years many other theoretical models have been proposed and stud- 
ied. One class of such models is based on some modification of Einstein's 
gravity |2] and one is talking about the so called geometrical dark energy 
models. Another class contains the dynamical dark energy models, in which a 
new dynamical field (almost certainly a scalar field) is coupled to gravity. In 
the second class one would find models called quintessence phantom 
quintom k-essence jH], tachyonic [7] etc. A recent review on dark energy 
dynamics one can find in [S]. 

Since Sen's original publications [U], much work has been done on tachy- 
onic cosmology, concerning either inflation ^U] or dark energy [7]. In the 
present work our aim is to test a particular tachyonic dark energy model 
against observational cosmological data that are available from supernovae 
and microwave background radiation. A very recent work ^1] is closely re- 
lated to ours and hopefully the present analysis will be a complementary one, 
at least for the particular model that we shall study here. In |rij the authors 
studied a wide range of different tachyonic models. In one of these models 
the potential for the tachyon emerges from a class of open string theories 
(both bosonic and superstrings) with explicit computation. That way string 
theory can be linked to cosmology and provide a natural candidate for play- 
ing the role of dark energy in the universe. This is exactly the potential that 
we shall be using in what follows. 

The present work is organized as follows: There are four sections of which 
this introduction is the first. The theoretical framework is presented in sec- 
tion 2, while our analysis and results are presented in section 3. Finally we 
conclude in the fourth section. 
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2 The theoretical framework 



We work in the framework of a four-dimensional FRW cosmology, considering 
the case of a flat (A; = 0) universe. The Friedmann equations have the well- 
known form 

= ^{P^ + Px) (1) 
a inG , ^ 

- = TT- (Pm + PX + ^PX) (2) 



where G is Newton's constant, a is the scale factor, H = a/a is the Hubble 
parameter, px,Px are the energy density and pressure for dark energy respec- 
tively and Pm is the energy density for the pressureless (dust) non-relativistic 
matter, pm = 0. We define the critical density p = {3H'^) / (SnG) and the nor- 
malized densities for dark energy and matter Qm = — and Qx = —■ From 

per per 

the first Friedmann equation one can easily see that Clm + ^x = 1- In cosmol- 
ogy we often use instead of time or temperature the red-shift, z = —1 + ao/a, 
where ao is the present value of the scale factor. In general we use the sub- 
index "o" to indicate present values of various quantities. In an isotropic and 
homogeneous universe all quantities are functions of time only, and so is for 
the red-shift and the Hubble parameter. Eliminating time we can obtain a 
formula relating the Hubble parameter to the red-shift jH] 



H{z) = H,^nm{l + zf + nxf{z) = H,E{z) (3) 

where f{z) is a function of the red-shift depending on the model with the 
property /(O) = 1, since VLm + ^x = 1- ^m,^x are the present values of 
the normalized densities for matter and dark energy respectively, but we 
drop the index "o." For example, if the cosmological constant is dark energy 
then f{z) = 1, or if some fluid with constant parameter w is dark energy 
then f(z) = (1 + z)^^^^'^\ In the general case f{z) is a more complicated 
expression and is given by iS] 

Equation Q is a key formula for our analysis because from that we can 
obtain all the useful expressions, as it will be shown in a while. Since we are 
interested in the cosmic acceleration we define the deceleration parameter 
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(the name deceleration was given originally because it was believed that the 
universe expands in a decelerating rate) q = —a/ {aH"^) and using the second 
Friedmann equation and the definition for the red-shift we obtain [12j 



q{z) = -l + {l + z)-y- (5) 

where H'{z) is the derivative of H{z) with respect to z. Furthermore, for 
a generic dark energy, its equation-of-state parameter wx = Px/px is given 

by da 

wx{z) = ^1^ (6) 

The final useful expression that can be computed from Q is the luminosity 
distance (for distances in cosmology see which plays a central role for 

the comparison between data from supernovae and a theoretical model. For 
a fiat universe the luminosity distance Dl as a function of the red-shift is 
given by 



Now we assume that the role of dark energy in the universe is played by the 
tachyon, a scalar field which is coupled to gravity non-linearly with an action 



Sbi = -V^(0) / d^x^/^,/T^^^^^^^d^^ (8) 



where (j) is the tachyon and V{(j)) is its potential. In our work we shall consider 
a potential of the form ^1] 

with Vq, 00 the two positive parameters of the model. The equation of motion 
of a homogeneous tachyon = 0(t) is 

Similarly to the linear Klein-Gordon scalar field, the tachyon also behaves as 
a perfect fiuid with energy density p^f, and pressure that are given by the 



3 



expressions 



mL (11) 



P4> = -V{ct>)\Jl-cf>^ (12) 

Notice that the pressure that corresponds to the tachyon is negative. The 
state parameter is given accordingly 

= - = 0' - 1 (13) 

P4> 

and it is a function of time or red-shift if we wish. It is easy to see that the 
parameter takes values in the interval between and —1. One limit comes 
from the fact that 0^ > 0, while the other limit comes from the requirement 
that 1 — 0^ > 0. Therefore from this point of view the tachyon is similar 
to the Klein-Gordon field and it does not cross the phantom devide line. 
So according to an analysis made in [T3] we expect that our tachyonic dark 
energy model will not have a better fit to supernovae data compared to the 
standard LCDM model. In J3] it has been shown that models which allow 
w(z = 0) < — 1 and crossing of the phanton devide line w = —\ produce 
better fits to the Gold dataset. 



3 Analysis and results 

Let us start with what we know observationally about dark energy. The first 
thing about dark energy has to do with its state parameter and the second 
about how much dark energy there is in the universe. As far as the latter is 
concerned, dark energy comprises the biggest part of the energy content of 
the universe, Vtx ~ 0.7. Also, recent results give a strong support that the 
present time dark energy state parameter is close to —1 jTH] 

w = -0.97t'of, (14) 

or without an a priori assumption that the universe is flat w = — 1.06lo;o8 P^ - 
In our analysis we shall assume that the universe is fiat and that the nor- 
malized density for matter is = 0.3. The observational data that we 
shall use to test our model are i) the Gold dataset [TT], ii) the CMB shift 
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parameter 5* ^H], iii) a parameter A that is constrained by the observed 
scale of the first acoustic peak in baryon oscillations ^H] and iv) the redshift 
distance r{zdec) [IH]- In particular, the above quantities are given by the 
expressions [IHl IT^ 

xfo^Ho^^^^, 2^ = 1089 (15) 

^ 1 + Zr 

/ dz-—, ^,ec = 1100 (17) 

and their values follows [IHl cni 

S = 1.716 ±0.062 (18) 
A = 0.469 ±0.017 (19) 
r{zdec) = (13.7 ± 0.5) Gpc (20) 

Our goal now is to integrate the dynamical equations and obtain i) the 
tachyon state parameter as a function of red-shift z and ii) the Hub- 
ble parameter if as a function of z, from which we then can compute the 
deceleration parameter q{z) as well as the luminosity distance Dl{z) as we 
have already mentioned. Recently in (20] a comparison was made between 
the SNI Gold dataset and phantom and quintessence models with linear po- 
tentials. The mathematical file that the authors of [20] used can be found 
in |2I]. We have used this file modifying it where appropriate depending on 



our needs. Following [20] for initial conditions (t ^ ti ^ 0) we use 

aiU) = ^]^) (21) 

= 0. (22) 

4>{ti) = (23) 



The initial value for the tachyon 0^ is chosen so that the normalized density 
for dark energy today is fix = = 1 — flm = 0.7. The present time (age of 
the universe) to is defined by a(to) = 1 = H{to) [201 ■ 

A plot of Wff) versus z is shown in figure 1. A comparison between the 
supernovae data and the theoretical curve is shown in figure 2, while the 



S = 
A = 

r{Zdec) = 
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deceleration parameter in our model compared to that of LCDM model is 
shown in figure 3. For this case the theoretical values for the CMB shift 
parameter S, the parameter A, the redshift distance r{zdec) and the present 
value for the dark energy state parameter we have found are 

S = 1.741 (24) 

A = 0.485 (25) 

rizdec) = 13.6 Gpc (26) 

w^^ = -0.96 (27) 

in agreement with the observational values. To see if this model produces 
a better fit compared to LCDM model, one should use the method pUj . 
For the case shown in figures 1,2,3 the computed is = 177.4, while for 
LCDM = 177.1. This confirms our expectation that tachyon models do 
not produce better fits to the Gold dataset. In general, our detailed analysis 
shows that the behavior of the system is the following. All the theoreti- 
cal values agree with observations, the theoretical curve for the supernovae 
apparent magnitude fits rather well the Gold dataset and the deceleration 
parameter for our model lies very close to the one for LCDM model, as long 
as w{z) lies in the interval ~ —0.9 to —1. As it moves to larger values the 
agreement becomes worse and worse. As an extreme case, we report that 
when w ~ —1/3 {w{z) is shown in figure 4) the deceleration parameter can 
be seen in figure 5. Notice that after a short period of an accelerated expan- 
sion, the universe enters again the deceleration era. This can be understood 
from the equation for the deceleration parameter 

q=^ + ^il + Swx) (28) 

If today flm = 0.3, = 0.7, Wx ~ —0.33, then from the equation above 
one can easily see that g > 0. Finally for this extreme case we report the 
theoretical values for S, A, r{zdec) 

S = 1.672 (29) 

A = 0.443 (30) 

rizdec) = 13.09 Gpc (31) 

w^^ = -0.36 (32) 

We see that the CMB shift parameter 5* is still within observational limits, 
but all the other quantities obviously disagree with the data. 
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4 Conclusions 



In the present work we have studied a dark energy model with a tachyon 
playing the role of dark energy in the universe. The tachyon is non-linearly 
coupled to gravity, with a Born-Infeld type of action. Its equation of motion 
is different than that of a Klein-Gordon scalar field, which couple linearly to 
gravity. However, here also the homogeneous tachyon behaves like a perfect 
fluid with an energy density and pressure that are given by certain expres- 
sions in terms of the potential and the time derivative of the tachyon. The 
potential for the tachyon that we have used emerges from explicit computa- 
tions in open string theories (bosonic string or superstrings), and therefore is 
well-motivated. We have tested the particular model against a series of cos- 
mological constraints coming from observational data both from supernovae 
and microwave background radiation. Our detailed analysis shows that in 
the model under consideration the tachyon can be an excellent candidate for 
dark energy, as the model passes successfully all the aforementioned tests for 
a wide range of the parameters of the model. 
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Figure 1: State parameter for tachyon w as a function of red-shift z. 
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Figure 2: Magnitude m as a function of red-shift z: Comparison of the 
theoretical curve to the observational data. 
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Figure 3: Deceleration parameter g as a function of red-shift z for LCDM 
model (dashed line) and our model (sohd line). 
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Figure 4: Same as figure 1, but for the extreme case mentioned in the text. 
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